Th is study evaluated decadal-scale changes of nitrate concentrations in ground water samples collected by the USGS National Water-Quality Assessment Program from 495 wells in 24 well networks across the USA in predominantly agricultural areas. Each well network was sampled once during [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] and resampled once during [2000] [2001] [2002] [2003] [2004] . Statistical tests of decadal-scale changes of nitrate concentrations in water from all 495 wells combined indicate there is a signifi cant increase in nitrate concentrations in the data set as a whole. Eight out of the 24 well networks, or about 33%, had signifi cant changes of nitrate concentrations. Of the eight well networks with signifi cant decadal-scale changes of nitrate, all except one, the Willamette Valley of Oregon, had increasing nitrate concentrations. Median nitrate concentrations of three of those eight well networks increased above the USEPA maximum contaminant level of 10 mg L −1 . Nitrate in water from wells with reduced conditions had signifi cantly smaller decadal-scale changes in nitrate concentrations than oxidized and mixed waters. A subset of wells had data on ground water recharge date; nitrate concentrations increased in response to the increase of N fertilizer use since about 1950. Determining ground water recharge dates is an important component of a ground water trends investigation because recharge dates provide a link between changes in ground water quality and changes in land-use practices.
Decadal-Scale Changes of Nitrate in Ground Water of the United States, 1988 States, -2004 Michael G. Rupert* USGS N itrate (nitrite plus nitrate as nitrogen, NO 2 + NO 3 -N) is the most common chemical contaminant in the world's ground water aquifers (Spalding and Exner, 1993) . Th e USEPA (2002) has established a maximum contaminant level of 10 mg L −1 nitrate as N because of concerns that ingestion of nitrate in drinking water by infants can cause low oxygen levels in their blood. High concentrations of nitrate in drinking water also may be implicated with a high incidence of non-Hodgkin's lymphoma (Weisenburger, 1991, p. 309) . Recent studies indicate possible adverse eff ects at nitrate levels less than the maximum contaminant level (Brender et al., 2004a; Brender et al., 2004b; DeRoos et al., 2003) . Long-term exposure to nitrate at concentrations of 2 to 4 mg L −1 in community water supplies has possible links to bladder and ovarian cancer (Weyer et al., 2001 ) and non-Hodgkins lymphoma (Ward et al.,1996) .
Th e largest source of anthropogenic N is fertilizer. Other major sources include animal and human waste, N oxides from utilities and automobiles, and leguminous crops that fi x atmospheric N 2 in the soil (Vitousek et al., 1997; Fields, 2004) . Before the World War I, the primary sources of supplemental N for crops were animal manure, mineral sources such as potassium nitrate, and crop rotation with legume crops such as alfalfa (Medicago sativa L.). Synthetic fertilizers were fi rst produced after World War I, when facilities that had produced ammonia and synthetic nitrates for explosives were converted to the production of N-based fertilizers (Th omson, 2005) . Inorganic N fertilizer production was small until after World War II, when the production rates increased dramatically. Nationally, use of N fertilizer has increased rapidly from 1950 through about 1980 and then increased at a slower rate since about 1980.
Numerous studies have documented elevated nitrate concentrations in ground water in many parts of the globe, but only a few studies have determined if nitrate concentrations in ground water are increasing or decreasing with time. Reynolds-Vargas et al. (2006) found that nitrate concentrations of the western Central Valley of Costa Rica increased during a 17-yr time period due to inadequate waste disposal and fertilization of coff ee crops. Wassenaar et al. (2006) observed increasing nitrate concentrations in young ground water (<5 yr) of the transboundary Abbotsford-Sumas aquifer of Canada. Broers and van der Grift (2004) reported no temporal trends of nitrate concentrations in the Dutch province of Noord-Brabant, the Netherlands, probably due to nitrate reduction by oxidation of pyrite and organic matter. Rosen (1999) and Close et al. (2001) did not observe any signifi cant trends of nitrate concentrations of ground water in New Zealand, but they noted long-term records are hard to come by and are nonexistent in some parts of the country. Ball and MacDonald (2001) reported increasing concentrations of nitrate concentrations in ground water in Scotland. Knapp (2005) reported that increasing concentrations of nitrate in ground water in the UK has resulted in the need to treat or blend water from public supply wells, and in some cases to take them out of service. Bolger and Stevens (1999) did not observe clearly identifi able trends of nitrate concentrations of ground water in Australia, but they noted a very scattered approach to data collection made analysis of nitrate trends diffi cult. Drake and Bauder (2005) reported increasing nitrate concentrations from 1971 through 2003 near Helena, MT, and attributed the increasing nitrate concentrations to increased urbanization and increasing subsurface disposal of domestic wastewater. Brendle (1997) of this issue for more details on the NAWQA ground water monitoring design.
Th e overall objective of this study was to evaluate the changes (trends) of nitrate concentrations in ground water sampled from 14 selected study units in the United States through investigation of water quality and ancillary data at the national scale.
Materials and Methods
In several resampled well networks, not all 30 wells could be resampled because some wells were destroyed or the well ownership changed. Well networks with fewer than 10 wells sampled on a decadal-scale time period were eliminated from this analysis to allow for valid statistical comparisons between well networks. Emphasis was on trends in agricultural areas. Data analysis focused on nitrite + nitrate as N (nitrate). Th e full-scale implementation of the program began in 1991, but a pilot project in the Delmarva Peninsula of Delaware, Maryland, and Virginia was initiated during the late 1980s; this study included ground water monitoring data collected in the Delmarva Peninsula during 1988 and 1990 because the data were collected using similar sampling and laboratory methods as the NAWQA data collected after 1991.
Ground Water Quality Data
All ground water quality data evaluated by this study were analyzed by the USGS National Water Quality Laboratory using standard methods (Fishman, 1993) . Ground water quality data were retrieved from the USGS NAWQA Data Warehouse (http://infotrek.er.usgs.gov/traverse/f?p=NAWQA: HOME:3476068124949793; verifi ed 16 Aug. 2007), which is a database housing all water quality data and selected ancillary data collected in association with the NAWQA program. Data were retrieved during October 2004 for calendar years 1988 through 2004. Th e data were sorted by well network, and sampling events on decadal-scale time periods were identifi ed. In most cases, the month of sample collection during the fi rst decadal-scale sampling event was within plus or minus 3 mo of the month of sample collection during the second decadal-scale sampling event to minimize potential seasonal diff erences. Th e interval between sampling events ranged from 7 to 13 yr, and the average interval between sampling events was 8 yr (Table 1) . Fourteen study units had suffi cient decadal-scale nitrate data for evaluation by this study (Fig. 1, Table 1 ).
Ancillary Data
Ancillary data used by this study include data on aquifer lithology, fertilizer use, ground water age, manure production, and well properties. Refer to Rosen and Lapham (2008) for more details on the ancillary data used by this study.
Statistical Methods
Th e Kruskal-Wallis and Wilcoxon rank-sum nonparametric statistical tests (Ott, 1993) were used to determine whether there were statistically signifi cant diff erences in nitrate concentrations among samples from wells in various groups, as, for example, those with oxidized conditions or reduced conditions. Th e Sign test and Wilcoxon signed-rank tests (Helsel and Hirsch, 1992) were used to determine if there was a statistically signifi cant change in nitrate concentrations in paired samples collected from individual wells between the decadal-scale sampling events. Th e ) designed to sample wells widely distributed across the study unit to broadly characterize ground water quality at large regional scales. § The fi rst four letters in the name indicate the study unit, the next three letters indicate if the network is a lus or mas (sus), and the remaining letters are unique identifi ers. ¶ Signifi cant at the 90% confi dence level or greater.
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Wilcoxon signed-rank test is similar to the Sign test, but provides more information because it takes into account the relative magnitude of the diff erence between sampling events. All four nonparametric tests calculate a p value; if the resulting p value is <0.1, the data sets are "signifi cantly" diff erent at the 90% confi dence level or greater. Th e Locally Weighted Scatterplot Smoothing method (LOWESS) (Helsel and Hirsch, 1992) was used to show the central tendency of data in x-y scatter plots.
Ground Water Age Dating
Th e ground water recharge date (year of ground water recharge) was determined for water from a subset of wells examined by this study (Table 2) . Most recharge dates were determined using chlorofl uorocarbons (Busenberg and Plummer, 1992; Plummer et al., 1993) , but the recharge date of water from 10 wells from the Central Columbia Plateau and 24 wells from the Delmarva Peninsula was determined using sulfur hexafl uoride . Th e recharge date, when based on measurement of the concentration of chlorofl uorocarbons or sulfur hexafl uoride in water, is based on the time elapsed since isolation of the newly recharged water from the atmosphere.
Quality Assurance and Quality Control of Nitrate Data
Quality assurance/quality control data were examined to determine if nitrate concentrations measured during the fi rst decadal-scale sampling event (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) can be compared to nitrate concentrations measured during the second decadal-scale sampling event (2000) (2001) (2002) (2003) (2004) . Laboratory methods and their laboratory reporting levels were examined to ensure they have not signifi cantly changed from 1988 through 2004. Blind spike data collected and analyzed by the USGS Inorganic Blind Sample Program were reviewed to ensure the National Water Quality Laboratory was reporting unbiased nitrate concentrations. . Because the nitrate data were reported at two diff erent minimum laboratory reporting levels, the data had to be adjusted before trends analysis. Only two well networks located in the Delmarva Peninsula were sampled before 1991. Nitrate data from 13 wells in the Delmarva Peninsula were reported as non-
Laboratory Reporting Levels
. To make all nitrate data in the data set comparable, data from these wells were deleted from this trends analysis. Nitrate concentrations in water from all remaining wells in the Delmarva Peninsula sampled from 1988 through 1990 were detections at concentrations much larger than 0.1 mg L −1 , so they were used in this trends analysis. Th is procedure maintained the greatest number of analyses and provides the greatest statistical strength in subsequent statistical tests. Debrewer et al. (2008) also evaluated nitrate trends in the Delmarva Peninsula, but did not delete the wells with nondetections at 0.1 mg L −1 because the analysis was local in nature and did not need to censor the data for national consistency as this study did. 
Spike Recovery Data
Since 1981, the USGS has operated an independent quality assurance project called the Inorganic Blind Sample Program (USGS, 1997). Th e purpose of the Inorganic Blind Sample Program is to monitor and evaluate the quality of laboratory analytical results through the use of double blind quality control reference samples. Th e blind reference samples submitted by the Inorganic Blind Sample Program to the National Water Quality Laboratory indicate that there is no signifi cant longterm bias in nitrate concentrations reported by the National Water Quality Laboratory, and that nitrate data reported by the National Water Quality Laboratory are suitable for analysis of trends of nitrate in ground water because there is little likelihood that bias will aff ect trends (Fig. 2) . Mean analyte recovery from 1988 through 2004 was 98.57%, and median analyte recovery for the same period was 98.47%, indicating a small negative bias in nitrate concentrations. Th e LOWESS smooth in Fig. 2 shows there is a slightly larger negative bias for data analyzed between about 1988 and 1992, but it is only 1 or 2% below the overall mean. Only 1.9% of the data lie outside two standard deviations, indicating that very few outliers exist and the laboratory method is performing very well throughout the period of record.
Identifi cation of Oxidized and Reduced Conditions
Th e oxidation-reduction (redox) state of ground water is an important geochemical control on the presence of nitrate in ground water because reduced conditions promote denitrifi cation. Denitrifi cation takes place when oxygen (which is a more favorable electron acceptor) is depleted, and bacteria must use nitrate to respire organic matter. Denitrifi cation transforms nitrate in ground water to N 2 gas, thus eliminating nitrate from ground water (Chapelle, 1993) . For nitrate trends investigations, redox is an important factor because denitrifi cation may obscure any simple relation between changes in nitrate loading at the land surface and concentrations of nitrate in ground water.
A method similar to that described by Paschke et al. (2007) was used to classify ground water as either oxidized, reduced, or a mixture of oxidized and reduced based on concentrations of dissolved oxygen (0.5 mg L . For the purposes of this study, the oxidized and nitrate reduction classifi cation of Paschke et al. (2007) were combined into one "oxidized" classifi cation, and the Mn and/or Fe reduction with high sulfate and the Mn and/or Fe reduction with low sulfate classifi cations were combined into one "reduced" classifi cation. Mixtures of reduced and oxidized water are common, and typically occur when waters of diff erent types are mixed within the well bore during pumping.
Results and Discussion
Twenty-four well networks in 14 NAWQA study units had suffi cient nitrate data for evaluating decadal-scale changes in nitrate concentrations (Fig. 1, Table 1 ). Th e well networks are widely distributed across the United States, allowing for correlations with a wide range of hydrogeologic and land-use conditions. Th e median nitrate concentrations of all 495 wells combined increased from 3.2 to 3.4 mg L −1
, and mean nitrate concentrations increased from 5.7 to 6.4 mg L −1 during the decadal-scale time period. Th is diff erence in mean and median concentrations is larger than the variability of nitrate concentrations measured in 388 replicate samples collected from 1992 to 2001 by the NAWQA program and reported by Mueller and Titus (2005) , indicating that the increase in nitrate concentrations is not an artifact of statistical variability or noise. Th e Sign and Wilcoxon signed-rank test results on all 495 wells combined had p values of 0.001, indicating that there is a signifi cant increase in nitrate concentrations in the data set as a whole. Sign test and Wilcoxon signed-rank test results on each individual well network indicate that 8 out of 24 well networks (about 33%) had signifi cant diff erences of nitrate concentrations at the 90% confi dence level (p < 0.1) ( Table 1) . Of the eight well networks with signifi cant changes of nitrate, all except one in the Willamette Valley of Oregon had increasing nitrate concentrations; the Willamette Basin had decreasing nitrate concentrations (Fig.  3) . Of the seven well networks with signifi cant increases of nitrate concentrations, median nitrate concentrations in three networks increased above the USEPA (2002) maximum contaminant level of 10 mg L −1 (Table 1) . About 67% of the well networks did not have a signifi cant change in nitrate concentrations. Rupert: Changes of Nitrate in Ground Water of the United States
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Th e results of this study are similar to most other studies that observed signifi cant trends of nitrate concentrations in ground water (Wassenaar et al., 2006; Ball and MacDonald, 2001; Knapp, 2005; Drake and Bauder, 2005; Rosen, 2003; Shipley and Rosen, 2005) ; when trends are observed they are usually increasing trends. Well networks in the Central Columbia Plateau did not have signifi cant changes in nitrate concentrations using data analyzed by this study (Table 1) . However, Frans (2008) observed a signifi cant downward trend in nitrate concentrations between 1998 and 2002 using only wells that had nitrate concentrations >10 mg L −1
. Th e trends observed in the Upper Snake River Basin of Idaho were similar to that observed by Parliman (2002) , who identifi ed some areas with and other areas without increasing trends of nitrate.
Nitrate concentrations tend to decrease as well depth increases. Th is trend has been observed in other comprehensive nitrate ground water studies in the United States (Mueller and Helsel, 1996; Nolan and Stoner, 2000) . Th e largest changes in nitrate concentrations (±20 mg L −1 ) occurred in the shallowest portion of the aquifers (<20 m); changes in nitrate concentrations decreased as well depth increased.
Th e largest changes of nitrate concentrations occurred in alluvial aquifers (Fig. 4) . Alluvium with a relatively large percentage of gravel tended to have larger changes in nitrate concentrations than alluvium with sand and alluvium with clay. Some of the smallest changes occurred in basalt aquifers. Although alluvial aquifers had the largest changes, the Kruskal-Wallis test indicated there was no signifi cant diff erence in median nitrate changes between any aquifer lithologies (p = 0.4), only the magnitude of changes was larger.
Correlations of Trends of Nitrate Concentrations in Ground Water with Oxidized-Reduced Conditions
Ground water with reduced conditions had nitrate concentrations that were commonly less than the laboratory reporting level and had very small to no changes in nitrate concentrations (Fig. 5 ). Ground water with oxidized conditions, and ground water that is a mixture of oxidized and reduced water, was more likely to have large changes of nitrate (Fig. 5) . Th ere were no signifi cant diff erences in change of nitrate concentrations in oxidized and mixed water, but reduced water had signifi cantly (p < 0.05) smaller changes in nitrate concentrations than oxidized and mixed water (Fig. 5) . Th ese smaller changes of nitrate concentrations in reduced water were also observed by Broers and van der Grift (2004) in the Netherlands, where no temporal trends of nitrate concentrations were observed probably due to nitrate reduction.
Wells with reduced conditions were temporarily deleted from the data set, and the Sign and Wilcoxon signed-rank tests were recalculated to determine if any additional well networks with signifi cant changes in nitrate could be identifi ed. Th e Sign and Wilcoxon signed-rank test results were the same with or without the reduced-condition wells. Eliminating reduced water from the analysis eliminated the nondetections, which did not aff ect the results of the nonparametric tests because the tests are performed on ranked data and the nondetections were ranked identically near zero.
Th ere were no signifi cant diff erences in median depths of wells with oxidized and reduced ground water (30 and 26 m, respectively), but median depths of wells with mixtures of oxidized and reduced ground water were signifi cantly shallower (10 m). In this data set, mixed conditions mostly occurred in shallow wells with short screen intervals, indicating that recently recharged oxidized ground water is probably mixing with older reduced ground water in the well bores or that signifi cant reduction is occurring near the water table over short screen intervals.
Oxidized-reduced conditions changed in water from 30 wells (6% of total) between the decadal-scale sampling events. Before sampling, all wells were suffi ciently purged at least three well volumes and until fi eld parameters for dissolved oxygen, pH, specifi c conductance, temperature, and turbidity became constant, so the changes in redox state are believed to be the result of changes in hydrologic conditions and not an artifact of sampling methods. Water from 14 wells changed from oxidized or mixed oxidized and reduced conditions to reduced conditions; nitrate concentrations in water from these wells decreased signifi cantly. Water from 16 wells changed from reduced or mixed oxidized and reduced to oxidized; nitrate concentrations in water from these wells increased signifi cantly. Th ese results imply that changes in the oxidation-reduction conditions of ground water can significantly aff ect trends of nitrate concentrations in ground water. Water from 5 out of 24 wells in the Willamette Basin changed to reduced conditions between the decadal-scale sampling events, which may partially explain why the Willamette Basin had a signifi cant decrease of nitrate concentrations. Table 1 for study unit and well network names (IQR; interquartile range).
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Correlations of Changes of Nitrate Concentrations in Ground Water with Nitrogen Input and Ground Water Recharge Date
Th e increase of total fertilizer use in the United States is refl ected in nitrate concentrations in ground water (Fig. 6 ). Water from a subset of wells in the Apalachicola-Chattahoochee-Flint Basin, Central Columbia Plateau, Delmarva Peninsula, Rio Grande Valley, San Joaquin-Tulare Basins, Upper Snake River Basin, and Western Lake Michigan Drainage study units had ground water age estimates, allowing nitrate concentrations to be plotted with the year the ground water was recharged (Fig.  6) . Th e increase of nitrate concentrations roughly mimics the increase in national N fertilizer use; the increase of maximum values of nitrate concentrations compared to total fertilizer use indicates there may have been a minimum 10 or 15 yr time lag. Similar correlations between ground water age and fertilizer use have been observed at more localized scales (Johnston et al., 1998; Katz et al., 2001; Tesoriero et al., 2006) . Decadalscale changes of nitrate concentrations are larger (≤33 mg L ), indicating that younger water may be more susceptible to changes in N input or irrigation management. Figure 6 indicates that increasing nitrate concentrations are likely the result of increasing fertilizer use when investigated at the national scale. However, Rosen (2003) , Drake and Bauder (2005) , Shipley and Rosen (2005) , and ReynoldsVargas et al. (2006) attributed increasing nitrate concentrations in ground water to domestic wastewater. Unfortunately, no national-scale data exist on the changes of the number or distribution of domestic septic systems over time, so relations between changes of nitrate concentrations and changes of domestic septic systems could not be investigated.
Ground water recharge date was correlated with depth to top of well screen, total well depth, depth to ground water, and saturated interval (total well depth minus depth to ground water) to determine if these depth variables can be used as a surrogate for ground water recharge date. For instance, the oldest water should have the greatest well depths and the youngest water should have the shallowest well depths. Th ere was no correlation between ground water recharge date and any of the depth variables; these depth variables cannot be used as a surrogate for ground water recharge date in this data set. However, Böhlke (2002) , Tesoriero et al. (2006) , and Wassenaar et al. (2006) observed correlations between well depth and ground water age. Th e lack of a correlation in this study might result from lumping data from multiple sites with wide ranges of recharge rates.
Conclusions
Twenty-four well networks in 14 NAWQA study units had suffi cient nitrate data for evaluating decadal-scale changes of nitrate concentrations. Th e Sign and Wilcoxon signed-rank test results on all 495 wells combined had p values of 0.001, indicating that there is a signifi cant increase in nitrate concentrations in the data set as a whole. Sign test and Wilcoxon signed-rank test results on each individual well network indicate that 8 of the 24 well networks (about 33%) had signifi cant changes of nitrate concentrations at the 90% confi dence level (p < 0.1). Of the eight well networks with signifi cant changes of nitrate, all except one in the Willamette River Basin had increasing nitrate concentrations during the decadal-scale time period; the Willamette Basin had decreasing nitrate concentrations. Of the seven well networks with signifi cant increases of nitrate concentrations, median nitrate concentrations in three networks increased above the USEPA maximum contaminant level of 10 mg L in nitrate concentrations were largest in shallow ground water in alluvial aquifers with a relatively large percentage of gravel. Ground water was classifi ed as being oxidized, reduced, or a mixture of oxidized and reduced. Oxidized ground water and mixtures of oxidized and reduced ground water had large changes of nitrate. Reduced ground water had nitrate concentrations that were commonly less than the laboratory reporting level and had very small to no changes in nitrate concentrations, probably because the nitrate had been denitrifi ed to N 2 gas. Th e lack of nitrate trends in reduced waters has also been observed in the Netherlands. Oxidized-reduced conditions changed in water from 30 wells (6% of total) during the decadal-scale time period. Nitrate concentrations decreased signifi cantly in water that changed from oxidized or mixed to reduced. Nitrate concentrations increased signifi cantly in water that changed from reduced or mixed to oxidized. Based on these results, changes in the oxidation-reduction conditions of ground water can signifi cantly aff ect trends of nitrate concentrations in ground water.
A subset of wells had data on ground water recharge date, which allowed correlations with historic fertilizer use. Fertilizer use in the United States increased dramatically starting about 1950. Nitrate concentrations in ground water increased in response to the increase of N fertilizer use, similar to that observed in other, more localized studies.
Th ere was no correlation between ground water recharge date and depth to top of well screen, total well depth, depth to ground water, and saturated interval, indicating that they cannot be used as a surrogate for ground water recharge date in this data set. Other, more localized studies have observed signifi cant relations between ground water age and well depth; the lack of correlation in this data set may be due to lumping the data from multiple sites with wide ranges of recharge rates.
Probably the most important conclusion from this study, and by other ground water trends investigations, is that ground water recharge ages are an essential component of any ground water trends investigation. Ground water recharge ages provide the ability to correlate changes in land-use practices with changes in ground water quality. Without ground water recharge dates, it is much more diffi cult to determine why trends in ground water quality were or were not observed even after signifi cant changes in nitrate concentrations are identifi ed. 
